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Abstract: This paper presents test results of fifteen reinforced engineered 
cementitious composite (ECC)-concrete beams. The main parameters investigated 
were the amount and type of reinforcement, and ECC thickness. All reinforced 
ECC-concrete composite beams tested were classified into four groups according to 
the amount and type of main longitudinal reinforcement used; three groups were 
reinforced with FRP, steel and hybrid FRP/steel bars, respectively, having similar 
tensile capacity, whereas the fourth group had a larger amount of only FRP 
reinforcement. In each group, four height replacement ratios of ECC to concrete were 
studied. The test results showed that the moment capacity and stiffness of concrete 
beams are improved and the crack width can be well controlled when a concrete layer 
in the tension zone is replaced with an ECC layer of the same thickness. However, the 
improvement level of ECC-concrete composite beams was controlled by the type and 
amount of reinforcement used. Based on the simplified constitutive relationships of 
materials and plane section assumption, three failure modes and their discriminate 
formulas are developed. Furthermore, simplified formulas for moment capacity 
calculations are proposed, predicting good agreement with experimental results. 
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1 Introduction 
The use of fiber reinforced polymer (FRP) composite has gained considerable 
interest and growing acceptance as internal [1-12] and external reinforcement [13-20] in 
concrete structures. FRP bars have a high strength-to-weight ratio but low elastic 
modulus and linear deformation until rupture, leading to brittle failure, larger 
deflections and crack widths compared with steel reinforced concrete structures. 
Therefore, serviceability limit state is generally controlling the design of FRP 
reinforced concrete structures [6-12]. Hybrid reinforced concrete structures [21-28], where 
FRP reinforcement located closer to the external environment and steel bars 
embedded in concrete with largest possible cover, combine the advantage of ductility 
and durability of steel or FRP reinforced concrete structures. 
Engineered cementitious composite, a class of high performance cementitious 
composites with pseudo-strain-hardening behavior and excellent crack control [29, 30], 
overcomes traditional cement-based materials’ softening performance under tensile 
load by transforming the cracking process from a single macroscopic crack at failure 
to steady-state multiple micro-cracks. Replacement of concrete in the tension zone 
around steel longitudinal reinforcement with ECC layer has slightly improved the 
flexural capacity and deformation ability, but significantly reduced the crack width 
before yielding of steel reinforcement to be just 20% of that in traditional reinforced 
concrete beams [31-35]. FRP reinforced ECC beams showed much better flexural 
performance in terms of load-carrying capacity, shear resistance, ductility, and 
damage tolerance compared with FRP reinforced concrete beams [36].  
Replacement of concrete in the tension zone around FRP longitudinal 
reinforcement with an ECC layer is expected to enhance the ductility, reduce 
deflections and crack widths of FRP reinforced concrete beams owing to the ECC’s 
pseudo-strain-hardening characteristics and excellent crack control ability. In the 
current investigation, flexural experiments of ECC-concrete composite beams 
reinforced with FRP bars were conducted and compared with steel and hybrid 
reinforced beams. Test results including cracks, deflections, failure loads and modes 
are presented and analyzed. Three failure modes of FRP reinforced ECC-concrete 
beams were theoretically investigated and simplified formulas for moment capacity 
were developed. Parametric analysis was also conducted to study the influence of 
reinforcement ratio and ECC height replacement ratio on the flexural behavior 
(ultimate moment, ultimate curvature and energy dissipation) of ECC-concrete 
composite beams. 
2 Experimental programs 
2.1 Test specimens design 
In total, fifteen reinforced ECC-concrete composite beams were cast and tested. 
The main parameters studied were the amount and type of reinforcement, and ECC 
layer thickness. The beams were classified into four groups, as shown in Table 1, 
according to the type and amount of reinforcement. Every group had four specimens 
with different ECC thickness, except for group SA as SA2 was unexpectedly damaged 
in the process of testing. A schematic diagram of specimens is shown in figure 1, 
where the specimen size b × h × l =150 mm × 200 mm × 1500 mm, pure flexural span 
lm = 400 mm, flexural-shear span lmv = 500 mm, free overhang span lf = 50 mm, 
cross-section effective height h0 = 175 mm, the distance of the center of steel bars to 
the concrete tensile edge as = 25mm, the steel stirrup is C8@100, the top steel 
reinforcement is 2C10, he is the thickness of ECC, rh is the ECC height replacement 
ratio, defined by ECC thickness he to the effective height of cross-section h0, rh = he / 
h0, and Fu is the total tensile capacity of longitudinal reinforcement. The amount of 
reinforcement used in the three groups (SA, HA and FA) were selected to achive a 
similar tensile capacity, Fu, whereas the fourth group (FB) had a larger amount of FRP 
bars. Each group notation consists of three letters, the first letter identifying the type 
of reinforcement used, F, S and H for FRP, steel and hybrid reinforcement, 
respectively, the second letter indicating the tensile capacity of the main longitudinal 
reinforcement (A or B), whereas the third number representing the ECC height 
replacement ratio used (1, 2, 3 or 4 represents rh = 0, 0.29, 0.57 or 1.14, respectively). 
Table 1 Specimen design parameters 
NO. steel bars FRP bars  height replacement ratio rh  Fu (kN) 
FA1/FA2/FA3/FA4 — 2A8 0.00/0.29/0.57/1.14 125.60  
FB1/FB2/FB3/FB4 — 3A8 0.00/0.29/0.57/1.14 188.40  
SA1/SA3/SA4 2D12 — 0.00/0.57/1.14 136.28 
HA1/HA2/HA3/HA4 2C10 A8 0.00/0.29/0.57/1.14 140.52  
Note: C, D and A indicate HRB400 steel, HRB500 steel and FRP reinfoecement, respectively. 
 
Fig.1  Schematic diagram of reinforced ECC-concrete composite beams 
2.2 Test specimens casting and instrumentation 
For concrete or ECC beams, concrete or ECC was poured into the mold directly 
and then vibrated. For ECC-concrete composite beams, layered pouring method was 
adopted, where ECC was poured into the mold first and vibrated, and then concrete 
was poured and vibrated. 
Displacement gauges were located at mid-span, loading points and supporting 
points; static resistance strain gauge (TDS-530) was utilized to measure and store the 
date. The average strain at the mid-span cross-section was measured using five dial 
indicators located along the height of the cross-section, as shown in figure 1. An oil 
jack was used to apply the load that was measured by a load sensor. The crack width 
monitor KON-FK (B) was employed to measure the crack width of the pure flexural 
span and the crack distribution was depicted on the test specimens by a marker pen. 
2.3 Materials 
The concrete compressive strength was obtained from testing three 150 mm × 
150 mm ×150 mm cube specimens according to the standard for test method of 
mechanical properties on ordinary concrete GB/T50081-2002 [37] as shown in table 2. 
The mean values u and coefficients of variation CoV of the cube compressive strength 
are 47.0 MPa and 0.0112, respectively. Then, the compressive strength fc, tensile 
strength ft and ultimate tensile strain εtu are 30.16 MPa, 2.55 MPa and 110 × 10
-6, 
respectively as calculated according to the code for design of concrete structures 
GB50010-2010 [38]. On the other hand, the mechanical properties of steel 
reinforcement were obtained from testing three specimens according to the standard 
of metallic materials tensile testing at ambient temperature GB/T228-2002 [39] as 
presented in table 3. Furthermore, the mechanical properties of ribbed basalt FRP bars 
were obtained from testing three specimens according to the ACI 440.3R-04 [40]. The 
stress-strain of FRP bars is shown in figure 2 and its tensile properties are shown in 
table 3. It is to be noted that the nominal diameter, rib spacing and depth of basalt 
FRP bars are 8, 16 and 0.8 mm, respectively. 
Table 2 Compressive strength of concrete cube 
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Table 3 Mechanical properties of steel and FRP reinforcement 
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Fig.2  Tensile stress-strain of FRP bar Fig.3  Tensile stress-strain of ECC 
Table 4 Tensile properties of ECC 
Specimen εetc fetc (MPa) εetu ftu (MPa) 
Specimen 1 0.00023 2.0 0.0250 2.4 
Specimen 2 0.00025 2.1 0.0260 2.4 
Specimen 3 0.00025 2.1 0.0296 2.4 
The tensile stress-strain characteristics of ECC presented in figure 3 and table 4 
were obtained from testing three rectangular flat-plates of ECC having a size of 160 
mm × 40 mm × 15 mm in tension [41], where fetc is the tensile strength at first cracking, 
ftu is the ultimate tensile strength, εetc is the tensile strain at first cracking and εetu is the 
ultimate tensile strain. On the other hand, the compressive stress-strain curves of ECC 
shown in figure 4 were obtained from testing three prismatic specimens of ECC 
having a size of 40 mm × 40 mm ×160 mm [41], with characteristic values of peak 
compressive stress fecp and corresponding strain εecp presented in table 5. 
 
Fig.4  Compressive stress-strain curves 
Table 5 Compressive strength of ECC prism 
Specimen 
Compressive strength Corresponding strain 
fecp (MPa) u (MPa) CV εecp(%) u(%) CoV 
Specimen 1 31.8 
31.4 0.014 
0.37 
0.36 0.039 Specimen 2 30.8 0.34 
Specimen 3 31.6 0.37 
3 Experimental results and discussion 
3.1 Average ECC/concrete strain along the height of cross-section 
The average ECC/concrete strain distributions along the height of the beam 
cross-section at various applied moments are shown in figure 5 (for example group 
FB). The neutral axis height of specimen FB1, FB2 and FB3 moves upward higher 
than specimen FB4 once the specimen cracked, then moves upward gradually with the 
applied moment increases. 
  
(a) FB1  (b) FB2 
  
(c) FB3  (d) FB4 
Fig.5  Average strain distributions along the height of cross-section 
As can be seen from figure 5, the strain distribution is almost linear, indicating: 
 the validity of the assumption that plane section perpendicular to the axis of 
the beam remains plane after loading; 
 no delamination between ECC and concrete at various stages of loading. 
3.2 Moment-deflection relationship 
The mid-span moment-deflection curves of groups FA, FB, SA and HA are 
shown in figure 6, where flim is the deflection limit according to the ACI 440.1R-06
 [42], 
θ is the deflection expansion coefficient under long-term loading, and flim / θ is the 
deflection limit under short-term loading that is 2.92 mm for FRP reinforced beams 
tested. The moments and corresponding deflections under short-term loading are 
shown in table 6, where concrete specimen without ECC layer (FA1, FB1, SA1 and 
HA1) in each group are taken as control specimen, Mu and fu are the ultimate moment 
and corresponding deflection, respectively, Mqc is the moment due to the quasi 
permanent combination of load effects of concrete control specimen in each group 
and fqc is the corresponding deflection. The ratio of ultimate moment for each 
specimen to that of the corresponding concrete control specimen Mui / Muc and the 
ratio of the deflection corresponding to Mqc for each specimen to that of the 
corresponding concrete control specimen fqci / fqc in each group are also presented in 
table 6.  
  
(a) Different reinforcement ratio  (b) Different reinforcement form 
Fig.6  Mid-span moment-deflection curves under short-term load 
Table 6 Comparison of ultimate moment, deflection and crack width 
NO. Mu (kN·m) Mui / Muc fu (mm) Mqc (kN·m) fqc (mm) fqci / fqc ωqc (mm) ωqci / ωqc  
FA1 11.95 1.00 26.11 
7.65 
12.35 1.00 1.89 1.00 
FA2 15.55 1.30 25.53 7.94 0.64 0.84 0.44 
FA3 17.57 1.47 30.97 7.23 0.59 0.54 0.29 
FA4 18.69 1.56 35.57 6.71 0.54 0.43 0.23 
FB1 17.84 1.00 31.48 
11.42 
12.64 1.00 0.74 1.00 
FB2 20.40 1.14 29.69 11.00 0.87 0.51 0.69 
FB3 22.34 1.25 32.42 9.64 0.76 0.32 0.43 
FB4 22.00 1.23 32.86 9.66 0.76 0.31 0.42 
SA1 21.04 1.00 29.00 
13.47 
4.40 1.00 0.17 1.00 
SA3 23.26 1.11 19.00 3.22 0.73 0.08 0.50 
SA4 22.60 1.07 25.10 3.47 0.79 0.08 0.48 
HA1 17.31 1.00 33.10 
11.08 
9.32 1.00 0.70 1.00 
HA2 20.12 1.16 42.50 3.47 0.37 0.32 0.48 
HA3 21.41 1.24 40.66 3.31 0.36 0.31 0.44 
HA4 19.71 1.14 46.55 4.59 0.49 0.16 0.22 
As can be seen from figure 6 and table 6, the ultimate moments of ECC-concrete 
beams and ECC beams are higher than that of conventional concrete beams regardless 
of the reinforcement form. Compared with the control specimen FA1, the ultimate 
moments of FA2, FA3 and FA4 are improved by 30%, 47% and 56%, respectively. 
Compared with the control specimen FB1, the ultimate moments of FB2, FB3 and 
FB4 are improved by 14%, 25% and 23%, respectively. The ultimate moment 
improvement ratios of group FA are higher than those of group FB, indicating that the 
ultimate moment improvement ratios decreases with the increase of reinforcement 
ratio. Compared with the control specimen SA1, the ultimate moments of SA3 and 
SA4 are improved by 11% and 7%, respectively. Compared with the control specimen 
HA1, the ultimate moments of HA2, HA3 and HA4 are improved by 16%, 24% and 
14%, respectively.  
 For group FA, the deflections under the quasi permanent load effects 
combination of FA2, FA3 and FA4 are 64%, 59% and 54% of that of the control 
specimen FA1, respectively. Similar trends were also observed for groups FB, SA and 
HA indicating that the stiffness has improved when a layer of ECC is placed in the 
tension zone. Deflections of FRP reinforced concrete beams (FA1 and FB1), FRP 
reinforced ECC-concrete composite beams (FA2, FA3, FB2 and FB3) and FRP 
reinforced ECC beams (FA4 and FB4) cannot meet the requirement of the design 
code, but, the deflections of specimens FA2, FA3, FA4, FB2, FB3 and FB4 are lower 
than that of the corresponding control specimen, indicating that, although ECC can 
improve the ability to resist deformation, specimens still need to be reasonably 
reinforced with longitudinal reinforcement. 
Comparisons of ultimate moments and deflections of specimens of groups SA 
and HA with respect to the corresponding control specimen of group FA having the 
same ECC height replacement ratio (groups FA, SA and HA having reinforcement of 
similar ultimate tensile force) are shown in table 7, where FRP reinforced specimen 
with the same ECC height replacement ratio (FA1, FA2, FA3 and FA4) are taken as 
control specimen, Mq is moment due to the quasi permanent combination of load 
effects of each specimen and fq is the corresponding deflection. The ratio of ultimate 
moment for each specimen to that of the corresponding FRP reinforced control 
specimen Mui / Muf and the ratio of the deflection corresponding to Mq for each 
specimen to that of the corresponding FRP reinforced control specimen fqi / fqf are also 
presented in table 7. 
Table 7 Comparison of specimen with similar tensile strength reinforcement 
NO. Mu (kN·m) Mui / Muf Mq (kN·m) fq (mm) fqi / fqf ωq (mm) ωqi / ωqf 
FA1 11.95 — 7.65 12.35 — 1.89 — 
FA2 15.55 — 9.95 12.68 — 1.70 — 
FA3 17.57 — 11.24 14.28 — 1.16 — 
FA4 18.69 — 11.96 15.58 — 0.61 — 
SA1 21.04 1.76 13.47 3.22 0.26 0.17 0.09 
SA3 23.26 1.32 14.89 3.87 0.27 0.08 0.07 
SA4 22.6 1.21 14.46 4.79 0.31 0.08 0.13 
HA1 17.31 1.45 11.08 9.32 0.75 0.70 0.37 
HA2 20.12 1.29 12.88 9.54 0.75 0.37 0.21 
HA3 21.41 1.22 13.70 6.81 0.48 0.33 0.28 
HA4 19.71 1.05 12.61 6.43 0.41 0.16 0.25 
As can be seen from table 7, for specimens having reinforcement of similar 
tensile capacity and the same ECC height replacement ratio, the highest moment 
capacity was exhibited by steel reinforced beams (group SA), followed by hybrid 
reinforced beams and then FRP reinforced beams. The moment capacities of 
specimens SA1, SA3 and SA4 are 76%, 32% and 21%, respectively, higher than that 
of specimen FA1, FA3 and FA4. The capacities of specimens HA1, HA2, HA3 and 
HA4 are 45%, 29%, 22% and 5%, respectively, higher than that of specimen FA1, 
FA2, FA3 and FA4. 
However, the deflections of specimens SA1, SA3 and SA4 under quasi 
permanent load effects combination are 26%, 27% and 31%, respectively, of that of 
specimens FA1, FA3 and FA4, while the deflections of specimens HA1, HA2, HA3 
and HA4 are 75%, 75%, 48% and 41%, respectively, of that of specimens FA1, FA2, 
FA3 and FA4. 
3.3 Maximum crack width under short-term loading 
Maximum crack widths at the level of reinforcing bars under short-term loading 
are shown in figure 7, where ωmax,lim is the crack width limit of concrete structures 
under long-term loading according to the ACI 440.1R-06 [42]. As the long-term effect 
of the load combination was not considered in the testing regime, the crack expansion 
coefficient under long-term load of steel reinforced concrete beams τl was taken as 
reference [38, 43]. So, ωmax,lim / τl is the crack width limit under short-term loading, = 
0.32 mm for all specimens. The moments and corresponding crack width under 
short-term loading are shown in table 6, where ωqc is the crack width corresponding to 
Mqc, the ratio of the crack width corresponding to Mqc for each specimen to that of the 
corresponding concrete control specimen ωqci / ωqc in each group is also presented in 
table 6. The number of cracks n and average crack spacing lcr are also shown in figure 
8. 
  
(a) Group FB with respect to FA (b) Groups SA and HA with respect to FA 
Fig.7  Maximum crack widths under short-term load 
  
(a) Number of cracks  (b) Average crack spacing 
Fig.8  Number of cracks and average crack spacing 
As can be seen from table 6 and figures 7~8, the number of cracks increases 
while average crack spacing decreases with the increase of ECC replacement ratio rh. 
For FRP reinforced beams, the crack width linearly increases with the load increase. 
For steel reinforced beams, the crack width linearly increases with the load increase 
before yielding of steel reinforcement but significantly increases after yielding of steel 
reinforcement even with no load increase. For hybrid reinforced beams, the crack 
widths linearly increase with the increase of load before yielding of steel 
reinforcement. However, the increasing rate becomes faster but lower than that of 
steel reinforced beams and higher than that of FRP reinforced beams.  
The crack widths under quasi permanent load effects combination of FA2, FA3 
and FA4 are 44%, 29% and 23%, respectively, of that of concrete control specimen 
FA1. The crack widths of FB2, FB3 and FB4 are 69%, 43% and 42%, respectively, of 
that of concrete control specimen FB1. The crack widths of SA2 and SA4 are 50% 
and 48%, respectively, of that of concrete control specimen SA1. The crack widths of 
HA2, HA3 and HA4 are 48%, 44% and 22%, respectively, of that of concrete control 
specimen HA1. The crack widths of ECC-concrete composite beams and ECC beams 
are lower than that of concrete beams. It is also noted that the crack width decreases 
with the increase of reinforcement ratio and ECC replacement ratio, and the crack 
width reduction rate of FRP reinforced beams (group FA) is most remarkable, 
indicating that the crack width along the beam can be well controlled when a layer of 
ECC is placed in the tension zone.  
As the reinforcement ratio of the test specimen is low, the crack widths of 
concrete control specimens FA1, FB1 and HA1 under the quasi permanent 
combination of load effects cannot meet the serviceability limit state requirements of 
design code. With the use of ECC, the crack widths of specimens FB3, FB4, HA2, 
HA3 and HA4 are less ωmax,lim / τl required by the ACI 440.1R-06 but specimen FA2, 
FA3,FA4 and FB2 still cannot meet such requirement. So, although the crack width 
along the beam can be well controlled when a layer of ECC is placed in the tension 
zone, specimens still need to be reasonably reinforced to meet the requirement. 
For groups having reinforcement of similar tensile capacity, comparisons of 
crack width under the quasi permanent load effects combination are shown in table 7, 
where ωq is the crack width corresponding to Mq. The ratio of the crack width 
corresponding to Mq for each specimen to that of the corresponding FRP reinforced 
control specimen ωqi / ωqf is also presented in table 7. As can be seen from table 7, for 
specimens having reinforcement of similar tensile capacity and the same ECC height 
replacement ratio, steel reinforced beams (group SA) exhibited the smallest crack 
width, followed by hybrid reinforced beams (group HA) and, then, FRP reinforced 
beams (group FA). The crack width of steel reinforced specimens SA1, SA3 and SA4 
are 9%, 7% and 13%, respectively, of that of FRP reinforced specimens FA1, FA3 and 
FA4. On the other hand, the crack width of hybrid reinforced specimens HA1, HA2, 
HA3 and HA4 are 37%, 21%, 28% and 25%, respectively, of that of FRP reinforced 
specimens FA1, FA2, FA3 and FA4. 
3.4 Failure modes 
All specimens exhibited typical flexural failure-characterized by obvious 
crushing in the compressive zone. For FRP reinforced concrete specimens (for 
example specimen FA1), large crack width occurred near failure, followed by spalling 
of concrete in the tensile zone, and, finally, concrete crushed in the compressive zone. 
For FRP reinforced ECC-concrete composite specimens (for example specimens FA2 
and FA3), steel reinforced composite specimens (for example specimen SA3) and 
hybrid reinforced composite specimens (for example specimen HA3), with further 
increase of loading, finally, the outermost fiber of concrete in the compression zone 
reached the ultimate strain and crushed. For FRP reinforced ECC specimens (for 
example specimen FA4), the outermost fiber of ECC in the compression zone reached 
the ultimate strain and crushed; however, the fibers in ECC hold the crushed region 
together. The crack patterns and failure modes of group FA, specimens SA3 and HA3 
are shown in figures 9 to 14. 
 
Fig.9  Failure mode of FA1 
 Fig.10  Failure mode of FA2 
 
Fig.11  Failure mode of FA3 
 
Fig.12  Failure mode of FA4 
 
Fig.13  Failure mode of SA3 
 
Fig.14  Failure mode of HA3 
4 Theoretical analysis 
4.1 Failure modes 
The moment capacity of FRP reinforced ECC-concrete composite beams can be 
calculated based on simplified constitutive relationships of materials, compatibility of 
strains and equilibrium as explained below. According to the constitutive models of 
materials (concrete, ECC and FRP), failure modes of FRP reinforced ECC-concrete 
composite beams can be divided into three categories: compressive failure (the 
compressive strain of concrete reaches its ultimate compressive strain first), tensile 
failure 1 (the tensile strain of FRP bars reaches its ultimate tensile strain first) and 
tensile failure 2 (the tensile strain of ECC reaches its ultimate tensile strain first). If 
the tensile strain in FRP bars / ECC and compressive strain in concrete reach their 
respective ultimate strain simultaneously, balanced failure occurs. The cross-section 
strain distribution is shown in figure 15 for various failure modes, where b is the 
width of cross-section, h is the height of cross-section, hs is the distance of FRP bars 
to the cross-section tensile edge, he is the thickness of ECC, ht is the height of 
cross-section part in tension (neutral axis depth), h0 is the effective section height, xc 
is the height of cross-section part in compression (concrete above the neutral axis), εet 
is the maximum tensile strain in ECC, εct is the maximum tensile strain in concrete, εc 
is the maximum compressive strain in concrete and εf is the tensile strain in FRP bars. 
 
Fig.15  Cross-section strain distribution 
In figure 15, the strain distribution corresponding to the three failure modes 
mentioned above can be identified as below. 
1. Compressive failure (figure 15(b)): εc = εcu, εf < εfu, εet < εetu. 
2. Tensile failure 1 (figure 15(c)): εc < εcu, εf = εfu, εet < εetu. 
3. Tensile failure 2 (figure 15(d)): εc < εcu, εf < εfu, εet = εetu. 
When tensile failures 1 and 2 simultaneously occur, εfu,b = εetu − (εetu + εcu) hs / h. 
So, if εfu = εfu,b, tensile ECC and FRP bars reach their ultimate tensile strain at the 
same time. If εfu < εfu,b, FRP bars reach its ultimate tensile strain before ECC. If εfu > 
εfu,b, ECC reaches its ultimate tensile strain before FRP bars. 
When compressive failure and tensile failure 1 occur simultaneously, as shown in 
figure 15(e), balanced failure 1 occurs. Assuming the relative compressive height ξc = 
xc / h0, the balanced relative compressive height ξcb1 can be calculated according to the 
plane section assumption. 
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When compressive failure and tensile failure 2 occur simultaneously, as shown in 
figure 15(f), balanced failure 2 occurs and the balanced relative compressive height 
ξcb2 can be obtained. 
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(2) 
When εfu ≤ εfu,b, compressive failure occurs for ξc > ξcb1 and tensile failure 1 
occurs for ξc < ξcb1. On the other hand, when εfu > εfu,b, compressive failure occurs for 
ξc > ξcb2 and tensile failure 2 occurs for ξc < ξcb2. 
According to the force equilibrium of cross-section, the following equation can 
be obtained. 
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where σc is the compressive stress in concrete, σf is the tensile stress in FRP bars, Af is 
the cross-section area of FRP bars and σet is the tensile stress in ECC. 
For concrete grade less than C50 and considering σet = fetc and rh = he / h0, Eq. (3) 
can be transformed as below. 
For balanced failure 1, xc = εcu h0 / (εcu + εfu). 
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(6) 
where εco is the concrete compressive strain corresponding to concrete stress first 
reaches its compressive strength fc. 
So, if ρf ≥ ρf,b1 or rh ≥ rh,b1, compressive failure occurs. If ρf < ρf,b1 or rh < rh,b1, 
tensile failure 1 occurs.  
For balanced failure 2, xc = εcu h / (εcu+ εetu), εf = (εetu h0 − εcu hs) / h. 
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So, if ρf ≥ ρf,b2 or rh ≥ rh,b2, compressive failure occurs. If ρf < ρf,b2 or rh < rh,b2, 
tensile failure 2 occurs.  
4.2 Simplified calculations for ultimate moment 
Simplified stress distributions of FRP reinforced ECC-concrete composite beams 
are shown in figure 16, where αc is a coefficient relates to the simplified concrete 
stress distribution. 
 
Fig.16  Simplified stress distributions 
In case of compressive failure, following equations can be obtained. 
 c c f f f etc ef bx E A f bh    (10) 
 f cu c( / 1)      (11) 
Combining equations (10) and (11), the relative compressive height can be 
calculated as below. 
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(12) 
where, Ah = αc fc, Bh= Ef εcu ρf − fetcrh, Ch = − Ef ρf εcu βc. 
The flexural capacity of FRP reinforced composite beams, when compressive 
failure occurs, can be calculated by the following simplified formula. 
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When tensile failure 2 occurs, the corresponding tensile strain of FRP bars can be 
calculated as below. 
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Combining equations (10) and (14), the relative compressive height can be 
calculated as below. 
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(15) 
where, Ae = αc fc, Be = − (αc fc βc h / h0 + Ef ρf εetu + fetc rh), Ce = (Ef ρf εetu βc + fetc rh βc h / 
h0). 
The flexural capacity of FRP reinforced composite beams, when ECC tensile 
failure occurs, can be calculated by the following simplified formula. 
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Tensile failure 1 is a brittle failure and should not be allowed in practice; it can 
be avoided by controlling the FRP reinforcement ratio. 
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As concrete tensile stress was neglected when calculating the ultimate moment 
of concrete beams [38], the simplified formula can be also used for FRP reinforced 
concrete beams (fect = 0). 
Comparison of experimental and calculated ultimate moment are presented in 
table 8, where ρf is the FRP reinforcement ratio, rh is the ECC height replacement 
ratio, ρf,b is the balanced FRP reinforcement ratio, rh,b is the balanced ECC height 
replacement ratio (the calculate values of rh,b of groups FA and FB are negative, for all 
specimens of groups FA and FB, rh ≥ rh,b, indicating that all specimen incur 
compressive failure), Mu,c and Mu,e are the calculated and experimental ultimate 
moment, respectively. 
Table 8 Comparison of ultimate moment  
NO. ρf (%) rh ρf,b (%) rh,b Mu,c (kN·m) Mu,e (kN·m) Mu,c / Mu,e 
FA1 0.38 0.00 0.26 — 15.56 11.95 1.30 
FA2 0.38 0.29 0.21 — 16.46 15.55 1.06 
FA3 0.38 0.57 0.16 — 16.70 17.57 0.95 
FB1 0.57 0.00 0.26 — 18.47 17.84 1.04 
FB2 0.57 0.29 0.21 — 19.32 20.40 0.95 
FB3 0.57 0.57 0.16 — 19.48 22.34 0.87 
BREC-T
[36]
 1.23 0.35 0.44 — 95.64 95.63 1.00 
The mean values and coefficients of variation of Mu,c / Mu,e are 1.02 and 0.124, 
respectively, indicating good agreement between the simplified formula predication 
and experimental results. 
4.3 Load-deflection 
The moment-curvature of FRP reinforced ECC-concrete composite beams can be 
calculated according to the flexural theory of traditional reinforced concrete beams [44, 
45] as presented in figure 17. Based on the plane-section assumption and simplified 
materials constitutive relationships, the stresses in any cross-section can be obtained 
and expressed as a function of the maximum compressive strain at the edge of cross 
section εc. So, the internal forces of the cross-section are a function of εc. 
 Fig.17  Flow chart for Moment-Curvature calculations 
The moment curvature relationship of the composite beam section can be 
established by the iterative process explained in figure 17. Then, the deflection of 
mid-span δl/2 (as shown in figure 18) can be expressed as below
 [45]. 
 
Fig.18  The simply supported beam and corresponding virtual beam 
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where θA is the angle of supporting point A, QA is the shear force of point A of virtual 
beam, φi is the curvature of each segment, l is the span length of the beam, m is the 
number of segment (usually more than 16 to ensure acceptable accuracy), Δx is the 
length of each segment, Δx = l / m, xi is the distance of each segment to the supporting 
point A. 
Comparisons of experimental and calculated load-deflection curves for FA1, FA2, 
FA3 and FA4 are shown in figure 19, indicating good agreements throughout the 
loading up to the failure. 
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Fig.19  Comparison of moment-deflection curves 
4.4 Parametric analysis 
In order to investigate the influence of reinforcement ratio ρf and ECC 
replacement ratio rh on the flexural behavior of ECC-concrete composite beams, a 
parametric study is conducted. The basic parameters are as follows: the ECC height 
replacement ratio rh is 0.286, the FRP reinforcement ratio ρf are 0.11%, 0.22% and 
0.32%, ffu = 1250 MPa, Ef = 50 GPa, fc = 29.6 MPa, fetc = 2.0 MPa, ftu = 2.4 MPa, εetc = 
0.00025, εetu = 0.025, the cross-section size is the same as that of the test specimens 
shown in Figure 1. According to section 4.1, the balanced reinforcement ratio ρf,b of 
ECC replacement ratio 0.286 is 0.20%. The balanced ECC height replacement ratio 
rh,b of reinforcement ratio 0.11% and 0.22% are 0.801 and 0.224, respectively. 
The influence of ρf and rh on the ultimate moment Mu, ultimate curvature φu and 
energy dissipation Ed (the including area of moment-curvature curves) are shown in 
figure 20. 
  
(a) Reinforcement ratio (b) ECC replacement ratio-ρf=0.11% 
  
(c) ECC replacement ratio-ρf=0.22% (d) ECC replacement ratio-ρf=0.32% 
Fig.20  Parametric analysis 
As can be seen from figure 20 (a), with the increasing reinforcement ratio, the 
ultimate moment significantly increases, the ultimate curvature increases before the 
balanced reinforcement ratio and then decreases and the energy dissipation, first, 
increases, and, then, decreases. For composite beams having 0.11% reinforcement 
ratio, as shown in figure 20 (b), the failure modes are all tensile failure. The ultimate 
moments, ultimate curvatures and energy dissipations increase with the increase of 
ECC replacement ratio. For ECC-concrete beams having 0.22% reinforcement ratio, 
as shown in figure 20 (c), with the increase of ECC replacement ratio, the ultimate 
moments gradually increase, the ultimate curvatures increase before the balanced 
ECC height replacement ratio and, then, decrease and the energy dissipations, first, 
increase and then decrease. For ECC-concrete beams having 0.32% reinforcement 
ratio, as shown in figure 20 (d), the failure modes are all compressive failure, the 
ultimate moments gradually increase while the ultimate curvatures and energy 
dissipations decrease with the increase of ECC replacement ratio. 
When the reinforcement ratio (or ECC height replacement ratio) less than 
balanced reinforcement ratio (or balanced ECC height replacement ratio), tensile 
failure occurs; in such case, the ultimate moment, ultimate curvature and energy 
dissipation increase with the increase of tensile resistance (reinforcement ratio or ECC 
height replacement ratio). On the other hand, when the reinforcement ratio (or ECC 
height replacement ratio) greater than the balanced reinforcement ratio (or balanced 
ECC height replacement ratio), compressive failure occurs; the ultimate moment 
slightly increases while the ultimate curvature and energy dissipation decrease with 
the increase of tensile resistance. 
5 Conclusions 
Based on the experimental study of the flexural behavior of ECC-concrete 
composite beams reinforced with FRP bars presented above, the following 
conclusions are drawn: 
(1) The ultimate moment capacity and stiffness of reinforced concrete beams are 
improved and crack width along the beam can be well controlled when a layer of ECC 
is placed in the tension zone.  
(2) For steel reinforced concrete beams, the crack width linearly increases with 
the load increase before yielding of steel reinforcement but significantly increases 
after yielding of steel reinforcement even with no load increase. For hybrid reinforced 
beams, the crack width gradually linearly increases with the increase of load before 
yielding of steel reinforcement. However, the increase rate becomes faster but still 
lower than that of steel reinforced beams and higher than that of FRP reinforced 
beams.  
(3) Although the use of ECC layers can improve the ability of reinforced 
concrete elements to resist cracks and deformation, a minimum amount of 
longitudinal reinforcement should be used to meet the requirement of serviceability 
limit state. 
(4) Based on the simplified materials constitutive relationships and plane section 
assumption, three failure modes and their discriminate formulas for ultimate moments 
are developed. Simplified formulas for ultimate moments are also proposed, giving 
good predictions compared with experimental results. Moment-deflection predictions 
are also well compared with these from experiments. 
(5) For tensile failure mode, the ultimate moment, ultimate curvature and energy 
dissipation increase with the increase of tensile resistance. For compressive failure 
mode, with the increase of tensile resistance, the ultimate moment slightly increases 
while the ultimate curvature and energy dissipation decrease. 
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